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Stabilizing mutationDisease-causingmutations can be stabilizing or destabilizing. Missensemutations of structural residues are gen-
erally destabilizing, while stabilizing mutations are usually linked to alterations in protein functions. Stabilizing
mutations are rarely identiﬁed in mutations linked to congenital cataract, a disease caused by the opaciﬁcation
of the lens. In this research,we found that R233Hmutation had little impact onβB1-crystallin structure, solubility
and thermal stability under neutral solution pH conditions. The mutation increased βB1 stability against guani-
dine hydrochloride-induced denaturation, suggesting that Arg233might be a functional residue. Further analysis
indicated that the R233Hmutation did not affect the formation of βA3/βB1 heteromer, but signiﬁcantly reduced
heteromer stability against heat- and guanidine hydrochloride-induced denaturation. The R233H mutation
negatively affected the thermal stabilities and aggregatory propensities of βB1 and βA3/βB1 with different pH-
dependence, implying that the protonation of His side chains during acidiﬁcation played a regulatory role in
crystallin stability and aggregation. Molecular dynamic simulations indicated that Arg233 is one of the residues
forming an inter-subunit ion-pairing networkwith intrinsically dynamic nature. Based on these observations, we
proposed that the highly dynamic ion-pairing network contributed to the tradeoff amongβB1 solubility, stability,
aggregatory propensity and function of protecting βA3.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
In normal cells, the misfolded or aberrant proteins are either
refolded or degraded by the quality-control system [1]. When the
amount of misfolded proteins exceeds the degradative capacity of the
cells, the misfolded proteins or their fragments are prone to deposit
into intracellular or extracellular aggregates, which may interfere with
the normal cellular functions [2]. The inappropriate deposition of pro-
tein aggregates has been associated with many diseases such as
Alzheimer's disease, Parkinson's disease, prion disease, type II diabetes
and cataract [3–6]. Unlike neurodegenerative diseases in which the
protoﬁbrils or oligomers are assumed to be the cause of pathology [6],
cataract is a disease directly linked to the appearance of large proteinngenital cataract; ANS, 1-
umin; CD, circular dichroism;
h of Trp ﬂuorescence; GdnHCl,
ctopyranoside; MD, molecular
um dodecyl sulfate; SDS-PAGE,
temperature of protein thermal
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d Medical School, Boston, MAaggregates that scatter the visible light [5]. Cataract, the opaciﬁcation
of the lens resulting in loss of vision, is a highly prevalent protein aggre-
gation diseaseworldwide. Cataract can be induced bymany factors and,
among them, genetic disorders and aging are the most important risk
factors [7]. Heredity cataracts account for 8.3–25% of the congenital cat-
aracts in children [8]. Inherited mutations may result in isolated and
nonsyndromic cataract or systemic anomalies in which cataract is part
of the syndrome [9,10]. Compared to congenital cataract, age-related
cataract is more prevalent and seems to be unavoidable in aging pop-
ulations due to the lack of protein turnover in the highly differentiat-
ed lens ﬁber cells [11]. The prevalence of cataract increases very
sharply after 50 years of age, and the incidence is about 88% for
people older than 75 [12]. Interestingly, the study in female twins
demonstrated that heritability accounts for about half of the cases
of age-related nuclear cataract, implying that generic variations
play an important role not only in congenital cataract but also in
age-related cataract [13].
Many genes have been identiﬁed to associatewith inherited cataract
[8,14]. About half of the genetic disorders have been identiﬁed in
crystallin genes [8], which is consistent with the proposal that the
short-range ordered packing and gradient distribution of crystallins
are important for the transparency and refractive index of the lens
(reviewed in [15]). Although crystallins have been termed as lens-
speciﬁc genes due to their extremely high expression levels in
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expressed in the other tissues [16,17]. Consequently, crystallins have
also been associated with non-cataract abnormities such as tumorigen-
esis, various myopathies, neurological disorders, retinal and vascular
diseases [17–22].
According to their elution positions in the proﬁle of size-exclusion
chromatography (SEC), crystallins can be classiﬁed into three catego-
ries: α-, β- and γ-crystallins [15]. Among them, α-crystallins contain
twomembers (αA andαB), both of which are small heat shock proteins
with molecular chaperone-like activity [23]. β/γ-Crystallins are soluble
structural proteinswith a conserved two-domain fold, and each domain
contains two Greek-key motifs (Fig. 1A). Despite the high conservation
in structural fold, β- and γ-crystallins have quite different oligomeric
states. γ-Crystallins are exclusively monomeric, while β-crystallins
exist as homomers or heteromers using the acidic (βA1/A3, βA2 and
βA4) or basic (βB1, βB2 andβB3) β-crystallins as the building elements.
The basic β-crystallins have been proposed to protect the relatively un-
stable acidic β-crystallins in the heteromers [24–26]. Among the seven
human β-crystallins, βB1 is unique for its long N-terminal extension,
which has been proposed to regulate the size distributions of β-
crystallin oligomers [27] and act as an intramolecular chaperone to facil-
itate the action of α-crystallins [28].
The importance of β/γ-crystallins in lens functions is supported by
the identiﬁcation of at least 50 mutations in families with congenital
cataract [14]. Most pathogenic mutations associated with familiar
aggregation diseases are destabilizing, and a single-residue mutation
usually changes the ΔGfolding value by 0.5–5 kcal/mol, which is of the
samemagnitude as ΔGfolding [29]. Thus the mutation increases the pop-
ulation of partially unfolded proteins, which usually have an increased
propensity to aggregate [2]. The same mechanism has also been identi-
ﬁed in many β/γ-crystallin mutations [5]. Particularly, nuclear cataract-
linked β/γ-crystallin mutations have been proposed to be Greek-key
motif breakers [30]. Crystallins are required to maintain not only life-
long stability but also high solubility in the normal lens. Thusmutations
with little impact on protein structure and stability can also lead to con-
genital cataract by decreasing the solubility and promoting aggregation
under high protein concentration conditions [30–34]. The effects of
β-crystallin mutations may be more complicated than γ-crystallinFig. 1. (A) Crystal structure of the truncated human βB1-crystallin (PDB ID: 1OKI). The two subu
and C-termini. In the crystal structure, salt bridges are formed between the side chains of Arg
(http://www.pymol.org/). (B) Sequence alignment of the C-terminal domain of β/γ-crystalli
and blue arrows, respectively. The γ-, acidic and basic β-crystallins are shown in boxes with di
idues at the C-terminus are colored in red and blue, respectively. The sequences used for alig
human γD (NP_008822), human γS (NP_060011), human βA4 (NP_001877), human βA2
(NP_000487), humanβB1 (NP_001878), ratβB1 (NP_037068), chickenβB1 (NP_989511), bovin
βB1 (NP_775338) and pig βB1 (NP_001072149), from top to bottom, respectively. All sequencmutations since β-crystallins assemble into homomers or heteromers.
Moreover, β-crystallins also have a high expression in some non-lens
tissues, implying that β-crystallins may have important physiological
functions other than acting as structural proteins in the lens [16,17,19,
35–37]. Besides those mechanisms shared by γ-crystallin mutations
[38–41], β-crystallin mutations have been proposed to be able to
dissociate the homomers [42–45], weaken the heteromer assembly
[42,44,45] or disrupt the dynamic oligomeric equilibrium [38].
In theory, a single-residue mutation can be either stabilizing or
destabilizing. Mutations of structural residues are usually destabilizing,
while those of functional residues may be stabilizing or neutral due to
the optimization of stability-function tradeoff during evolution [46].
Thus disease-causing mutations with a stabilizing effect are expected
to provide us clues in protein functions. To our knowledge, the only sta-
bilizing mutation characterized thus far in crystallins is S129R in βB1.
S129R has been shown to increase the stability and decrease the
aggregatory propensity of βB1 homomer [45]. If assuming that the
protecting effect of βB1 on acidic β-crystallins is one of the functions
of βB1, Ser129 is more likely to be a functional residue contributed to
heteromer assembly and stability [42,45]. In this research, we proposed
that Arg233was another functional residue in βB1 based on the dissim-
ilar effects of the R233Hmutation on βB1 and βA3/βB1. The R233Hmu-
tation has recently been associated with nuclear autosomal dominant
congenital cataract (ADCC) [47]. In the crystal structure of βB1 [48],
Arg233 locates adjacent to the last β-strand in Greek-key motif IV of
βB1 (Fig. 1B). The salt bridges formed between the side chains of
Arg233 and Asp169 stabilize the subunit interface in the homodimeric
structure [33]. This arginine residue is fully conserved in basic
β-crystallins but not in acidic β-crystallins or γ-crystallins, implying
that it may have speciﬁc roles in basic β-crystallins. The results here-
in showed that under neutral pH conditions, the R233Hmutation did
not signiﬁcantly affect the structure and stability of βB1 homomer
but greatly destabilized the βA3/βB1 heteromer. Furthermore, the
complicated pH-dependence of the mutational effects on protein
stability and aggregatory propensity strongly suggested that solu-
tion pH was an important regulatory factor in cataract formation,
particularly for congenital cataracts caused by residues substituted
by His.nits in the dimer are distinguished by cyan and pink, respectively. N and C represent theN-
233 and Asp169 to stabilize the subunit interface. The structure was rendered by PyMol
ns. The residues equivalent to Asp169 and Arg233 in βB1-crystallin are indicated by red
fferent colors. The negatively charged residues around Asp169 and positively charged res-
nment are: human γA (NP_055432), human γB (NP_005201), human γC (NP_066269),
(NP_476434), human βA1/A3 (NP_005199), human βB3 (NP_004067), human βB2
eβB1 (NP_776951),mouseβB1 (NP_076184), guinea pigβB1 (NP_001166549), zebraﬁsh
es are numbered relative to the starting methionine of each protein (Met1).
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2.1. Materials
Ultra-pure guanidine hydrochloride (GdnHCl), bovine serumalbumin
(BSA), EDTA, isopropyl-1-thio-β-D-galactopyranoside (IPTG), sodium
dodecylsulfate (SDS), dithiothreitol (DTT) and 1-anilinonaphthalene-8-
sulfonate (ANS) were Sigma products. All the other chemicals were
local products of analytical grade.
2.2. Protein expression and puriﬁcation
The pET28a plasmids containing thewild type (WT)human βB1 and
βA3 genes (CRYBB1 and CRYBA3, respectively) were constructed as that
described previously [42]. Site-directed mutagenesis for R233H was
performed using the following primers: forward, 5′-GCGTCGCCTGCA
TGACAAGCAGT-3′ and reverse, 5′-ACTGCTTGTCATGCAGGCGACGC-3′,
respectively. The recombinant pET28a plasmids containing the WT or
mutated βB1 gene were transformed into Escherichia coli Rosetta
(DE3) for the production of the recombinant proteins. Details regarding
the overexpression and puriﬁcation of βB1 and βA3 were the same as
those describedpreviously [26,42]. In brief, the expression of the recom-
binant proteins was induced by 0.1 mM IPTG, and then the cells were
grown in the Luria–Bertani medium for 4 h at 37 °C. The His-tagged re-
combinant proteinswere collected from the supernatant of cell extracts
by a Ni-NTA afﬁnity column. Then the proteins were puriﬁed using a
Hiload 16/600 Superdex 200 prep-grade column. The protein concen-
trationwas determined by the Bradfordmethod using BSA as a standard
[49]. For spectroscopic and denaturation studies, the proteins were di-
luted into 20 mM phosphate buffered saline (PBS buffer) containing
20 mM sodium phosphate, 150 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT,
pH 7.0, with a protein concentration of 0.2 mg/ml. For pH-dependent
studies, the proteins were prepared in 100 mM citric acid buffer con-
taining 100 mM citric acid and 200 mM sodium phosphate with pH
adjusted by citric acid stock solutions.
2.3. Preparation of βA3/βB1 heteromer
The βA3/βB1 heteromer was prepared using the method described
elsewhere [26]. In brief, the stock solutions of βA3 and βB1 were pre-
pared in the PBS or citric acid buffers. After mixing the stock solutions
of homomers with a molar ratio of 1:1, the heteromer solutions were
equilibrated at 37 °C for 4 h before use.
2.4. Circular dichroism (CD) spectroscopy
The CD spectra of proteinswere recorded on a Jasco J-715 spectropo-
larimeter using a spectral resolution of 0.2 nm at 25 °C. The CD samples
were prepared in PBS buffer diluted in 40× distilled water to minimize
the interference of salt on the low wavelength CD signals. The protein
concentration and pathlength were 0.2 mg/ml and 1 mm for the far-
UV CD, while 1 mg/ml and 10 mm for the near-UV CD, respectively.
For each sample, the CD spectrum was the average of three repetitions.
The resultant spectra were obtained by subtracting the corresponding
control (spectrum of the buffer).
2.5. Fluorescence spectroscopy
All ﬂuorescence spectra were recorded on an F-2500 ﬂuorescence
spectrophotometer using a protein concentration of 0.2 mg/ml. The
slit width was 5 nm for both excitation and emission. The excitation
wavelengthswere 295 nmand380nm for the intrinsic Trpﬂuorescence
and extrinsic ANS ﬂuorescence, respectively. The extrinsic probe ANS
was added to the protein solutions with a molar ratio of 75:1 (probe:
protein) and incubated for 30 min in the dark before measurements.Parameter A of the intrinsic Trp ﬂuorescence was calculated by dividing
the ﬂuorescence intensity at 320 nm by that at 365 nm [50].
2.6. Protein aggregation
Protein aggregation was monitored by turbidity or resonance
Rayleigh light scattering. Turbidity is sensitive to large aggregates,
while light scattering can reﬂect the existence of soluble small aggre-
gates [51]. Turbidity of the solutionswas determined by the absorbance
at 400 nm (A400) using an Ultraspec 4300 pro UV/Visible spectropho-
tometer. Resonance Rayleigh light scattering was measured on an
F-2500ﬂuorescence spectrophotometer using an excitationwavelength
of 295 nm and recorded at 90° as described previously [51].
2.7. Size-exclusion chromatography (SEC)
The SEC analysis was performed using a Superdex 200HR 10/300 GL
or a Superdex 75 10/300 GL column equipped on an ÄKTA fast protein
liquid chromatography as described previously [44]. In brief, the SEC
column was pre-equilibrated using PBS or citric acid buffer for about
10 column volumes of mobile phase. About 100 μl protein solutions
were injected into the column and run at a ﬂow rate of 0.4 ml/min at
4 °C. The dynamic oligomeric equilibrium of β-crystallin homomers
was analyzed by ranging the protein concentration from 0.2 to
2 mg/ml. The formation of β-crystallin heteromers was checked by
analyzing the protein samples equilibrated for 0 h or 2 h at 37 °C after
mixing of the pre-equilibrated stock solutions of βA3 and βB1
homomers. The homomers were pre-equilibrated in the citric acid buff-
er with pH 5, 6 or 7 overnight. The pH-dependence was analyzed by
pre-equilibration of the column using the citric acid buffer with a
given pH, and then the elution proﬁles of the proteins were obtained.
2.8. Protein solubility
Protein solubility was determined using the microconcentration
method as that described elsewhere [38]. In brief, the proteins were
concentrated by centrifugation using a microminiature 10K MWCO
Millipore concentrator at 12,800 g and 4 °C. After the concentration
reached its maximum, the solubility was determined by measuring
the concentration of the proteins in the soluble fractions. All solubility
experiments were repeated for three times, and the data were present-
ed as average ± standard error.
2.9. Protein thermal denaturation
The equilibrium thermal transition curves were obtained by heating
the protein samples continuously from 26 °C to 82 °C. The temperature
was controlled by a water-bath connected to the instruments. Trp ﬂuo-
rescence, light scattering and turbidity data were collected every 2 °C
after a 2 min equilibration. The volume of protein solutions was 0.6 ml
and the protein concentration was 0.2 mg/ml. The cuvette was sealed
to avoid the possible volume change during heating. The aggregation ki-
netics was measured by heating the protein solutions continuously at a
given temperature and recording the turbidity data every 2 s. The kinet-
ic parameters of thermal aggregation were obtained by ﬁtting the time-
course data by a ﬁrst-order kinetics using the following equation [52]:
A ¼ Alim 1− expð−kagg t−t0ð Þ
 
; ð1Þ
where A is the A400 value at a time t, Alim is the A400 value at the inﬁnite
time, kagg is the rate constant, t is the heating time at a given tempera-
ture and t0 is the lag time. The Alim × k value, which reﬂects the initial
velocity of aggregation, was also calculated using the best-ﬁtted kinetic
parameters.
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The protein stock solutions were mixed with the citric acid buffer
with various pH values ranging from pH 2 to 8. The ﬁnal pH value was
checked after mixing. The samples were equilibrated for at least
30 min before spectroscopic measurements. The transition curves
were obtained by measuring the pH-dependence of CD, Trp ﬂuores-
cence, ANS ﬂuorescence, light scattering and turbidity of the protein
solutions.
2.11. GdnHCl-induced denaturation
The equilibrium denaturation was carried out by incubating the
β-crystallins in PBS buffer containing various concentrations of GdnHCl
ranging from0 to 6Movernight at 25 °C. After incubation, the structural
changes were monitored by CD, Trp ﬂuorescence, light scattering, tur-
bidity and ANS ﬂuorescence. The ﬁnal protein concentration was
0.2 mg/ml for equilibrium unfolding studies. The fully denatured sam-
ples used for kinetic refolding studies were prepared by incubating
5 mg/ml proteins in citric acid buffer (pH 5, 6 and 7) containing 4 M
GdnHCl overnight at ambient temperature. Kinetic refoldingwas initiat-
ed by a 1:40 fastmanual dilution of the 4MGdnHCl-denatured proteins
into the citric acid buffer. The ﬁnal GdnHCl and protein concentrations
were 0.1 M and 0.125 mg/ml, respectively. The time-course turbidity
data were collected every 2 s immediately after the initiation of kinetic
refolding. After 1 h refolding, the protein samples were centrifuged at
12,800 g and the proteins in the supernatant and precipitation fractions
were analyzed by 12.5% SDS-PAGE.
2.12. Molecular dynamic (MD) simulations
MD simulations for the WT and mutated βB1-crystallins were per-
formed using the same method as that described elsewhere [45]. In
brief, the crystal structure of the truncated human βB1-crystallin (PDB
ID: 1OKI) [48] was used as the template structure to create the starting
structure of the R233Hmutant. To mimic the effect of pH on the charge
states of His, the simulations were performed using starting structures
created with either neutral (HSE) or positively charged (HSP) His resi-
dues. The simulations were carried out in a water box with 150 mM
NaCl added by VMD [53]. The MD simulations were performed using
NAMD 2.8 [54] at 300 K (27 °C) and 1 atm. The time step for simulation
was 2 fs. After 10 ns simulation, the structures were used for further
analysis. The free energies of subunit interactions were calculated
using the VMD plugins NAMD Energy. The structures were analyzed
and rendered using PyMol (The PyMol Molecular Graphics System,
Version 0.99rc6, Schrödinger, LLC, http://www.pymol.org/).
3. Results
3.1. Effect of the R233H mutation on βB1 structure by biophysical
experiments
The R233H mutant behaved similar to the WT βB1 with most of
the recombinant proteins existed in the soluble fractions when
overexpressed in E. coli cells at 37 °C (data not shown). The puriﬁed
proteins were used for spectroscopic experiments to investigate the ef-
fect of themutation onβB1 secondary structure by far-UVCDand tertia-
ry structure by near-UV CD and Trp ﬂuorescence. As shown in Fig. 2, the
almost superimposed spectra indicated that the mutation did not affect
βB1 secondary and tertiary structures. The hydrophobic exposure of the
proteins was detected by the extrinsic ﬂuorescence probe ANS, which
becomes pronouncedly ﬂuorescent with a blue-shift in the emission
wavelength when bound to the exposed hydrophobic sites of proteins
[55]. The mutation slightly decreased the ANS ﬂuorescence of βB1, sug-
gesting that themutant had fewer ANS-accessible sites. The effect of the
R233H mutation on the oligomeric equilibrium of βB1 was studiedusing SEC analysis by varying protein concentrations. The mutant had
a relatively larger elution volume in the SEC proﬁles when compared
to theWT protein, suggesting that the mutation might slightly increase
the dissociation constant of the dimeric protein. Thus the biophysical
analysis above indicated that the R233H mutation had very limited im-
pacts on βB1 structures.
3.2. Effect of the R233H mutation on βB1 stability against GdnHCl-induced
denaturation
The transition curves of βB1 denaturation induced by GdnHCl were
similar to those reported previously [26]. The GdnHCl concentration-
dependent changes of Parameter A, which is a sensitive monitor of the
characteristics of the shape and position of the Trp ﬂuorescence [50],
are shown in Fig. 3. At GdnHCl concentrations below 4M, the transition
observed by Parameter A has been proposed to be best ﬁtted by a three-
state model involving a monomeric intermediate appeared at ~1.6 M
GdnHCl: native state (N)↔intermediate (I)↔unfolded state (U) [26].
The mutation did not affect the process at GdnHCl concentrations
above 1.6 M as evidenced by the superimposed transition curves from
Parameter A as well as the other techniques (data not shown). Thus
the mutation has no impact on the I↔U transition but inﬂuenced the
N↔I transition. This is consistent with the structural analysis that
Arg233 mainly contributes to the stabilization of monomer–monomer
interface in the dimer (Fig. 1). Surprisingly, themutation slightly shifted
the N↔I transition to a higher GdnHCl concentration, suggesting that
the R233H mutation was a stabilizing one. A quantitative analysis of
the changes in ΔGfolding using the samemethod as that described previ-
ously [26] indicated that ΔGfolding for the N↔I transition was increased
4 kcal/mol by the R233H mutation, while no difference was observed
for the I↔U transition.
3.3. Effect of the R233H mutation on the acid denaturation of βB1
The imidazole side-chain in free His has a pKa value of approximate-
ly 6. This means that the imidazole group is hydrophobic at physiologi-
cal relevant pH. Under acidic conditions with pH values below 6, the
protonation of the imidazole ring will introduce a positive charge and
the hydrophobic side-chain of His will become hydrophilic. Considering
that the alteration of the charge state of His233 might affect the behav-
ior of the R233H mutant, acid denaturation was performed to investi-
gate the pH-dependent structural changes for both proteins (Fig. 4).
Decreasing solution pH only induced minor changes in the ellipticity
of the far-UV CD and the maximum emission wavelength (Emax) of Trp
ﬂuorescence, suggesting that βB1 was quite resistant to acidiﬁcation.
This phenomenon is quite different from βB2, which loses most of its
native structure at extremely acidic pH [40]. Nonetheless, at pH below
5, an abrupt increase in the ANS ﬂuorescence could be observed. The
step-wise transition of ANS ﬂuorescence also suggested that the acid de-
naturation of βB1 might involve stable unfolding intermediate(s). This
inference was conﬁrmed by the appearance of aminor amount of aggre-
gates at around pH 4.5 by turbidity measurements and the dramatic in-
crease of the light scattering at around pH 3.5. Thus the step-wise
increase of ANSﬂuorescencemight be caused by the accumulation of dif-
ferent off-pathway oligomers/aggregates since ANS has the ability to
bind with aggregates induced by low-concentration denaturants [56].
The mutant behaved similarly to the WT protein for most transition
curves shown in Fig. 4. The most signiﬁcant difference was the changes
in Parameter A at pH around 5. Few changes were observed for the
Parameter A values of the WT βB1 between pH 4 and 7.5. As for the
R233H mutant, the maximum value appeared at pH 5 and small shifts
in pH signiﬁcantly altered the Parameter A value. This observation sug-
gested that the change in His233 charge state could modify the local
structures of the R233H mutant, which further inﬂuenced the popula-
tions of various Trp ﬂuorophores.
Fig. 2. Effect of the R233H mutation on βB1 structure probed by biophysical methods. (A) Far-UV CD. The inset of panel A shows the SDS-PAGE analysis of the puriﬁedWT and mutated
proteins. (B) Near-UV CD. (C) Intrinsic Trp ﬂuorescence. (D) Extrinsic ANS ﬂuorescence. (E) SEC analysis. (F) Protein concentration-dependence of the elution volumes. The proteinswere
prepared in 20mMPBS buffer. The protein concentrationswere 0.2 mg/ml for far-UV CD and ﬂuorescencemeasurements and 1 mg/ml for near-UV CD experiments. The SEC analysiswas
performed using a Superdex 200HR 10/300 GL column.
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Cataract-causingmutations can lead to disease simply by decreasing
the solubility of crystallins [15,31–34], thus the solubility of theWT and
mutated proteins was determined using the microconcentration meth-
od (Fig. 5). At neutral pH, both proteins were highly soluble with a sol-
ubility of about 250 mg/ml. The solubility of both proteins increased
during acidiﬁcation,while themutant had a signiﬁcantly higher solubil-
ity than the WT protein (P b 0.01) under mild acidic conditions.Fig. 3. Effect of the R233H mutation on βB1 denaturation induced by GdnHCl. The transi-
tion curves of protein equilibrium unfoldingwere obtained by calculating the Parameter A
values of the Trp ﬂuorescence spectra. The raw data were ﬁtted using the samemethod as
that described previously [26]. Similar transition curves could be also obtained by moni-
toring the Emax values of Trp ﬂuorescence (data not shown). The inset shows the turbidity
of each sample. No aggregates could be detected under our denaturation conditions. For
reference, the symbol of triangle shows the A400 value of 0.2 mg/ml βB1 solution heated
at 70 °C.3.5. Effect of the R233H mutation on the pH-dependence of βB1 thermal
stability
The results shown in Fig. 4 indicated that the R233Hmutationmight
induce local structural changes of βB1. To further investigate the impact
of these structural changes on βB1 stability, thermal denaturation of the
proteins was conducted at various pH values (Fig. 6). The transition
curves of R233H during equilibrium thermal denaturation were almost
superimposed to those of theWT protein at pH 7 and pH below 4. Inter-
estingly, both proteins did not aggregate at high temperatures at pH
below 4. However at mildly acidic pH, the curves of themutant showed
a divergence from those of the WT βB1. The midpoints of thermal
unfolding (Tm) for the mutant were 7.1 °C and 8.7 °C lower than those
of theWT protein when incubated at pH 5 and 6, respectively. The mu-
tational effect on βB1 thermal aggregation was weaker than that on
thermal unfolding. The mutation decreased the starting temperature
of aggregation by 2–3 °C at pH 5 and 6. Thus the protonation of the im-
idazole side-chain of His233 in the mutant did not stabilize the protein,but was deleterious to the thermal stability of R233H. Below pH 4, the
deleterious effect of His233 protonationwas eliminated due to the over-
all structural changes of both proteins.
Fig. 4.Acid-induced unfolding of theWT βB1 and R233Hmutant. (A) Ellipticity at 215 nm from far-UV CD. (B)Maximumemissionwavelength of Trpﬂuorescence (Emax). (C) Parameter A
of intrinsic Trp ﬂuorescence spectrum. (D) Intensity at 470 nm of extrinsic ANS ﬂuorescence. (E) Turbidity monitored by the absorbance at 400 nm (A400). (F) Resonance Rayleigh light
scattering excited at 295 nm. Theprotein sampleswere prepared in citric acid bufferwith a protein concentration of 0.2 mg/ml. In panel B, the Emax value of the 4MGdnHCl-denaturedβB1
is shown as an indicator of the fully denatured state. In panel E, the A400 value of 0.2 mg/ml βB1 heated at 70 °C is shown as an indicator of serious aggregation (the triangle symbol).
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mutant aggregated at a lower temperature than the WT protein under
mildly acidic conditions. In theory, the decrease in the starting temper-
ature of aggregation can be caused by either a decrease in stability or an
increase in the aggregatory propensity. To elucidate which mechanism
is true, the kinetic aggregation process was studied by incubating the
proteins at 70 °C or 75 °C continuously. The kinetic data recorded at
75 °C are shown in Fig. 6E, and similar behaviors were observed for pro-
teins aggregated at 70 °C (data not shown). The mutant aggregated
about 3-fold faster than the WT protein at pH 7. This suggested thatFig. 5. pH-dependence of βB1 solubility. The proteins were prepared in citric acid buffer
with various pH values. The solubility of the proteins was determined by the
microconcentration method with three repetitions. ** represents P b 0.01. The solubility
was also signiﬁcantly different (P b 0.01) between neutral and acidic solutions.the thermally denatured mutant had stronger aggregatory propensity
than the WT protein at neutral pH since the thermal stability of the
mutant was similar to that of theWT protein. Lowering solution pH de-
creased the maximum turbidity values but increased the aggregation
rates of both proteins. However, the change of the mutant was milder
than that of theWT protein, and thus a slower aggregation rate was ob-
served for the mutant at pH 5. Thus the R233Hmutation had dissimilar
effects on βB1 thermal stability and aggregation propensity. At neutral
pH, the mutation did not affect βB1 stability but increased the aggrega-
tion rate at high temperatures. However under mildly acidic conditions,
themutation decreased both the thermal stability and aggregatory pro-
pensity of βB1.
3.6. Effect of the R233H mutation on βB1 structure by MD simulations
In the crystal structure of truncated βB1 [48], the salt bridges
between Arg233 and Asp169 contribute to the stabilization of subunit
interface in the dimer (Fig. 1A). Previously it has been shown that the
contribution of a single salt bridge is 3–5 kcal/mol for ΔGfolding [57].
Unexpectedly, the disruption of the two Arg233–Asp169 salt bridges
did not signiﬁcantly affect βB1 thermal stability, but increased ΔGfolding
for the N↔I transition during GdnHCl-induced unfolding at neutral pH.
Under mildly acidic conditions, the mutation decreased βB1 thermal
stability but increased solubility. To explore the underlying structural
basis, MD simulations were performed by including either the neutral
imidazole ring of His (HSE) or the positively charged His (HSP) to
mimic the charge states of His at neutral or acidic pH, respectively.
The overall structure of βB1 was not signiﬁcantly affected by the
R233H mutation (Fig. 7A), which is consistent with the spectroscopic
results (Fig. 2). For both proteins, electrostatic interactions played a
dominant role in the stability of βB1 dimer interface (Fig. 7B). To
Fig. 6. pH-dependence of βB1 thermal stability. (A) Transition curvesmonitored by Parameter A of Trp ﬂuorescence. The raw data were ﬁtted by a two-state (N↔U)model and the ﬁtted
data are shown as solid (WT) anddashed lines (R233H). (B) Changes in light scattering duringβB1 thermal denaturation. Thedata recorded at pH4were similar to those at pH3 except for
a higher light scattering value (data not shown). (C) Equilibrium thermal aggregation of theWT andmutatedβB1 proteinsmonitored by turbidity. (D) Themidpoint of thermal transition
(Tm) obtained by ﬁtting the data in panel A. (E) Thermal aggregation kinetics of the WT and mutated βB1 proteins at 75 °C. (F) pH-dependence of the aggregation rate constants (kagg)
obtained by ﬁtting the data in panel E by Eq. (1). The other kinetic parameters are shown in Supplemental Fig. S1.
2222 Y.-B. Xi et al. / Biochimica et Biophysica Acta 1842 (2014) 2216–2229avoidmisleading, the simulationswere performed twice using the same
starting structures. A minor deviation could be observed in the binding
free energy originated from electrostatic interactions for the WT pro-
tein, while a large discrepancy was observed for the R233H mutant.
For both cases, the RMSD and binding energy fromhydrophobic interac-
tions reached equilibrium, suggesting that the modeling dispersion
might be caused by the dynamic nature of βB1 subunit interface. The
higher dissociation propensity of the mutated protein was also
veriﬁed by the SEC analysis shown in Fig. 2E.
When the hydrophobic side chains (HSE) of His residues were
replaced by the positively charged ones (HSP), no signiﬁcant changes
were observed for the overall structures of both proteins (Fig. 7A). The
positions of most Trp ﬂuorophores except for Trp237 maintained
unchanged in the modeled structures (Fig. 7C), coinciding with the
minor changes in Emax of the Trp ﬂuorescence during acid denaturation
(Fig. 4). However, there were minor alterations in Parameter A of the
mutant at mildly acidic pH. Trp237 is located at the C-terminal exten-
sion of βB1 and is close to the mutation site. Although the protonation
of His233 in the mutant might perturb the local microenvironment
around Trp237, the alteration in the positions of Trp237wasmore likely
to be caused by the intrinsic ﬂexibility of the C-terminal extension of
βB1 (Supplemental Fig. S2). It is worth noting that the MD simulations
were performed based on the crystal structure of truncated βB1 lacking
the ﬁrst 54 AA off the N-terminus and the last 15 AA off the C-terminus.
However, the in vitro experiments were performed using full-length
proteins, and thus the impact of the long N- and C-terminal extensions
on Trp ﬂuorophores could not be ruled out from MD simulations.
The effect of the R233Hmutation on the surface charge potentials of
βB1 is shown in Fig. 7D. Although the analysis is based on truncated
proteins, the results clearly indicated that both of the mutation andHis protonation affected the surface charge distributions. Unexpectedly,
it seems that R233H-HSP possessed more surface charges. One possible
reason is that the mutation disrupted the ion-pairing network and re-
leased the charged residues to the surface of the molecule (Fig. 8, also
see Supplemental Fig. S3). The inter-subunit ion-pairing network is
formed by the positive charge cluster at the C-terminus (Arg230,
Arg231, Arg233 and Lys235) and the negative charge cluster in the
C-terminal domain (Glu117, Glu148, Asp169 and Asp170). Among
these charged residues, Arg230 and Arg231 reside at the last β-strand
of Greek-key motif IV, while the other residues are at loops or
C-terminal extensions. Thus most of these charged residues are poten-
tially ﬂexible, which is supported by the dispersion between the two
rounds of MD simulations. The high ﬂexibility of these charged residues
resulted in a highly dynamic ion-pairing network. Except for the stable
ion-pairs formed between Arg230 and Glu117, most ion-pairs were
more likely to be formed randomly between the positively and nega-
tively charged residues. The probabilities of various ion-pairs involving
Arg233 were calculated by analyzing the 1000 structures obtained by
the two rounds of simulations of WT-HSE. Arg233 had a probability of
77% to form either intra- or inter-subunit ion-pair(s). Among them,
the probability was 36%, 30% and 11% for Arg233(A)–Asp170(B),
Arg233(B)–Glu148(B) and Arg233(B)–Asp170(B), respectively. The
substitution of Arg233 by His fully abolished the possibility of
ion-pairing formation at neutral pH. The protonation of His233 in the
mutant could partially rescue the ion-pairing network. However,
the ion-pairing network was weakened by the mutation under both of
the neutral and acidic pH conditions. Thus the highly dynamic nature
of the ion-pairing network around Arg233might provide βB1 the struc-
tural basis of tolerance to single-point mutations. Meanwhile, the
release of the charged residues by either mildly acidic conditions or
Fig. 7. Structural insight into the effects of the R233H mutation and protonation of His side-chains on βB1 structure by MD simulations. (A) A comparison of the modeled structures be-
tween theWT protein and R233Hmutantwith neutral (HSE) or positively charged (HSP) His side-chains. (B) Effect of the R233Hmutation on themonomer–monomer binding energy of
βB1. The simulationswere run twice using the same starting structure, and labeled as Round-1 and Round-2, respectively. The energies of electrostatic and hydrophobic interactionswere
calculated separately. For clarity, the total energies, which are the sum of energies from electrostatic and hydrophobic interactions, are not shown. (C) A comparison of the structures of
R233H with hydrophobic or hydrophilic His side-chains. The positions of the His residues are indicated by spheres, while the Trp ﬂuorophores are shown by the stick model. For clarity,
only the Trp residues adjacent to the mutation sites are labeled. (D) Surface electrostatic potentials of the WT and mutated proteins. Surfaces in blue, red and white represent positively
charged, negatively charged and hydrophobic, respectively.
2223Y.-B. Xi et al. / Biochimica et Biophysica Acta 1842 (2014) 2216–2229mutations might increase the numbers of surface charges and thereby
increase protein solubility (Fig. 5).3.7. Effect of the R233H mutation on βA3/βB1 heteromer formation
β-Crystallins are capable to form heteromers in vivo [27], and some
cataract-causingmissense mutations can affect heteromer formation or
stability [38,42,45]. Thus SEC and spectroscopic methods were used to
explorewhether theR233Hmutation impairedβA3/βB1heteromer for-
mation. As shown in Fig. 9, βA3 and βB1 could assemble into a stable
heteromer eluted earlier than βA3 or βB1. The subunit exchange was
nearly completed after 2 h incubation at 37 °C. The elution volumes of
βA3 and βB1 decreased along with the decline of solution pH, while
the shift of βB1 was larger than that of βA3. The formation of βA3/βB1
heteromer was strongly dependent on solution pH as revealed by the
increase of non-associated βA3 and βB1 along with acidiﬁcation. The
effect of the R233H mutation on heteromer formation was negligible,
implying that Arg233 was not a key residue involved in heteromer
recognition and association. This conclusion was also veriﬁed by the
identical Emax values of Trp ﬂuorescence under all pH conditions studied
here (Fig. 9D).3.8. Effect of the R233H mutation on βA3/βB1 folding
GdnHCl-induced denaturationwas performed to investigate wheth-
er the R233H mutation in βB1 affects βA3/βB1 heteromer stability. The
WT heteromer began to unfold at around 1.4 M GdnHCl, while the
heteromer containing the mutated βB1 quickly lost its native structure
under low GdnHCl concentrations (Fig. 10A). It is worth noting that
βA3/R233H was even less stable than βA3, which has been shown to
maintain stable atGdnHCl concentrations below1.0M [26]. Considering
that R233H homomer was more stable than the WT βB1, the extreme
instability of βA3/R233H suggested that the subunit interactions in the
heteromer were different from those in the homomers. Fitting of the
transition curves using the method reported previously [26] indicated
that the R233H mutation destabilized βA3/βB1 by 6.1 kcal/mol for the
N↔I transition, but did not affect the I↔U transition. The opposing
effects of the R233H mutation on the stabilities of βB1 and βA3/βB1
suggested that Arg233 played a much more important structural role
in the heteromer than in the homomer.
Aggregation during kinetic refolding was used to examine whether
the R233H mutation interfered with the correct folding of βB1 and
βA3/βB1 (Fig. 10B). Consistent with the previous observations [26],
βA3 aggregated immediately after diluting the denatured proteins in
Fig. 8. Dynamic ion-pairing network at the subunit interface of βB1 dimer. (A) Ion-pairing network formed by positively charged residues at the C-terminus and negatively charged res-
idues aroundAsp169 inWT-HSE. Different equilibrated stateswere found for the two rounds of simulations although both of them reached a stable equilibriumafter 10 ns simulations. The
ion-pairing networks of WT-HSP are shown in panel A of Supplemental Fig. S3. Residues from the same subunit are labeled in the same color. (B) Time-course changes of the energies of
electrostatic interactions between Arg233 and adjacent ion-pairing partners during MD simulations. A or B in the brackets denotes the residue in subunit A or B, respectively. (C) Ion-
pairing network at the subunit interface of R233H with protonated or non-protonated His residues. For clarity, Arg230 and Arg231 are not labeled. The results of the other round of sim-
ulations are shown in panel B of Supplemental Fig. S3. (D) Time-course changes of the energies of electrostatic interactions between His233 and adjacent ion-pairing partners duringMD
simulations. The protonation of His233 could partially rescue the disruption effect of the R233H mutation on the ion-pair network.
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ductive pathway during co-refolding. The behaviors of the R233H mu-
tant were the same as the WT βB1, implying that Arg233 contributed
little to the folding and assembly of both βB1 and βA3/βB1.
3.9. Effect of the R233H mutation on the pH-dependence of βA3/βB1
thermal stability
Equilibrium thermal denaturation studies indicated that the R233H
mutation in βB1 signiﬁcantly reduced the thermal stability of βA3/βB1
under all pH conditions (Fig. 11). When monitored by Parameter A of
Trp ﬂuorescence, the Tm values of βA3/βB1 were decreased by 6.9 °C,
5.3 °C and 3.5 °C when heated in solutions with pH values of 7, 6 and
5, respectively. Meanwhile, the mutation also promoted βA3/βB1 ther-
mal aggregation by lowering the starting temperature of aggregation by
4–6 °C. Compared with the results of βB1 homomer shown in Fig. 6, the
destabilizing effect of the R233Hmutationwasmuchmore pronounced
for the βA3/βB1 heteromer under neutral pH conditions. Under acidic
conditions, the impairment caused by the mutation was strengthened
for the homomer, but weakened for the heteromer.
Thermal aggregation kinetics indicated that the aggregation rate
constant of βA3 decreased along with acidiﬁcation (panels E and F in
Fig. 11), which was different from the behavior of βB1 or βA3/βB1. At
pH 7 and 6, the aggregation rate of βA3 could be successfully slowed
down by the existence ofβB1 in the heteromer. At pH5, the aggregation
rate of βA3/βB1 heteromer was slightly higher than that of βA3
homomer, which might be caused by the opposing pH-dependence of
kagg for βA3 and βB1 and/or the partially dissociation of the heteromer
during acidiﬁcation. The R233H mutation greatly impaired the protec-
tion effect of βB1 on βA3 thermal aggregation at pH 7 and 6, butbehaved similar to the WT protein at pH 5. The strong pH-dependence
of the mutational effect on βB1 and βA3/βB1 aggregation kinetics
suggested that the C-terminus of βB1 might be involved in βB1 and
βA3/βB1 thermal aggregation.
4. Discussion
Proteins are marginally stable [58]. The marginal stability presum-
ably results from the natural optimization of the tradeoff between pro-
tein stability and function during evolution [46,59]. Mutations of the
structural residues usually destabilize the proteins and/or promote
aggregation by accumulating misfolded polypeptides under normal or
stressed conditions. On the other hand, the polar or charged functional
residues are generally embedded in the hydrophobic clefts of the
molecule and therefore thermodynamically unfavorable [46]. Thus mu-
tations of functional residues may lead to an increase in stability. Iden-
tiﬁcations of the stability-beneﬁcial disease-causing mutations will
deﬁnitely provide us new information regarding protein functions in
the cells. Considering that cataract is a protein aggregation disease, it
is not surprising that most cataract-causing β/γ-crystallin mutations
are found to decrease either crystallin stability or solubility [5,30]. Previ-
ously, we have identiﬁed a stability-beneﬁcial mutation S129R in βB1
[42]. S129R has further been shown to impair the protection effect of
βB1 on βA3 and increase the sensitivity to proteases of both βB1 and
βA3/βB1 [42,45]. In this research, we identiﬁed another stability-
beneﬁcialmutation inβ/γ-crystallins, R233H inβB1 associatedwith nu-
clear ADCC. Themechanistic investigations herein provided not only the
possible molecular mechanism underlying ADCC caused by the R233H
mutation, but also novel insights into the solubility–stability–function
tradeoff of βB1 during evolution.
Fig. 9. pH-dependence of βA3/βB1 heteromer formation. (A) SEC analysis of homomers and heteromers at pH 7. (B) SEC analysis of homomers and heteromers at pH 6. (C) SEC analysis of
homomers and heteromers at pH 5. (D) Intrinsic Trp ﬂuorescence of the βA3/βB1 heteromers. The SEC analysis was performed using heteromer samples incubated for 0 h or 2 h at 37 °C
aftermixing theβA3 and βB1 stock solutions. The SEC proﬁles of β-crystallin homomers are also shown. To achieve a better peak resolution, a Superdex 75 10/300 GL columnwas used for
the SEC analysis. The protein concentration was 1 mg/ml and 0.2 mg/ml for the SEC analysis and ﬂuorescence experiments, respectively. The maximum emission wavelength of Trp
ﬂuorescence (Emax) had a minor red-shift along with acidiﬁcation, and the positions of Emax are indicated by dotted lines.
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dynamic
Previous structural study has proposed that the inter-subunit salt
bridges between Arg233 and Asp169 in βB1 as well as the equivalent
residues in βB2 may facilitate the oligomerization of domain-swapped
β-crystallin homomers (Fig. 1A) [48]. Unexpectedly, no signiﬁcant
alterations induced by the R233Hmutation were observed in the struc-
ture, solubility and stability of βB1 under neutral conditions, in which
His233 in the mutant is hydrophobic. These observations suggested
that the Arg233–Asp169 salt-bridges were not critical to homomer for-
mation although both residues are fully conserved in basic β-crystallins
(Fig. 1B). According to the previous structural study [48] and the MD
simulation study herein, we proposed that the highly dynamic nature
of the ion-pairing network at the subunit interface might be an intrinsic
mechanism for β-crystallins to get tolerant to random mutations. As
shown in Figs. 7 and 8, electrostatic interactions are the predominant
force to stabilize βB1 dimer. The most intense ion-pairing was formed
among eight conserved residues in each subunit including four positive-
ly charged ones and four negatively charged ones. The overall structure
of the proteins was well maintained under all simulating conditions.
The reliability of theMD simulation results was also veriﬁed by the con-
sistency in the formation of stable ion-pairs between Arg230 and
Glu117 under all simulation rounds. However, the ion-pairing status
was quite different for the two rounds of simulations of both the WT
and mutated proteins. A close inspection of the ion-pairing networkduring simulation suggested that most interactions between the posi-
tively charged and negatively charged residues might be random or
highly dynamic. For example, Arg233 could interact with Glu148,
Asp169 or Asp170 located at either the same or adjacent subunit. Con-
sequently, the substitution of Arg233 by the hydrophobic His residue
did reduce the number of ion-pairs, but had little impact on the stability
of the highly dynamic ion-pairing network.
One of the possible roles of the dynamic ion-pairing network might
be the maintenance of the dynamic oligomeric equilibrium. In the lens,
β-crystallins form a mixture of various homomers and heteromers via
domain-swapping [27]. Domain-swapping has been shown to be one
of the mechanisms of protein aggregation/ﬁbrilization under native
conditions [60]. Thus the highly dynamic ion-pairing network allows
β-crystallin oligomers to keep a proper dissociation constant and
avoid misassembly into large aggregates. Very recently we have
shown that the replacement of Arg188 in βB2, which is equivalent to
Arg230 in βB1, by His destroys the monomer–monomer interaction
but strengthens the dimer–dimer association [38]. The dimer–dimer in-
terface of βB2 possesses a similar ion-pairing network with that at the
monomer–monomer interface of βB1 [38,48]. The unusual stabilization
of the dynamic ion-pairing network perturbs the natural equilibrium
among various oligomeric states, whichmay be the origin of the defects
caused by the R188H mutation in βB2 [38,40].
The other possible role of the dynamic ion-pairing networkmight be
the tradeoff between solubility and stability. Preferred solvent–protein
interactions will deﬁnitely increase protein solubility. The formation of
Fig. 10. Unfolding and refolding of βA3/βB1 heteromer induced by GdnHCl.
(A) Equilibrium unfolding of βA3/βB1 probed by Parameter A. The raw data were ﬁtted
by a three-statemodel and the ﬁtted data are shown as lines. The inset shows the changes
in ANS ﬂuorescence during GdnHCl-induced unfolding monitored by the absorbance at
400 nm. No aggregation was observed for all samples (data not shown). (B) Aggregation
during the kinetic refolding of βA3, βB1 and βA3/βB1. The proteins were fully denatured
by4MGdnHCl overnight at ambient temperature. The refoldingwas initiated by fastman-
ual mixing of the denatured proteins with the refolding buffer, and then the turbidity was
recorded every 2 s. Aggregation of βA3 appeared immediately after dilution, while the
other proteins did not aggregate. The inset shows the SDS-PAGE analysis of soluble and
insoluble fractions of the proteins refolded 1 h after dilution.
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residues, but enhance stability. A comparison of the simulated struc-
tures of βB1 with HSE or HSP suggested that the number of ion-pairs
in the networkwas reduced by acidic conditions. Consequently, a signif-
icantly enhancement of protein solubilitywas observed for both theWT
and mutated βB1 (Fig. 5), accompanied with a dramatically decrease in
thermal stability (Fig. 6). Under neutral conditions, the R233H mutant
had the same solubility and stability as the WT βB1 since Arg233 in
βB1 is desolvated. However under acidic conditions, the protonation
of His233 together with the less intact ion-pairing network helped the
mutant to have an even higher solubility and concomitantly lower
stability.
4.2. Arg233 is a functional residue crucial to βA3/βB1 heteromer
The R233H mutation increased the ΔGfolding value of βB1 when
denatured by GdnHCl. The stability enhancement by themutation indi-
cated that Arg233 formed destabilizing salt bridges with the acidic res-
idues. Destabilizing salt bridges have been foundwidely in proteins and
the destabilization has been proposed to be caused by the relative larger
desolvation penalty than the bridge energy [61]. Thus the fullconservation of this Arg residue in basic β-crystallins was from the re-
quirement of function but not stability. In vitro experiments have
shown that native acidic and basic β-crystallin can spontaneously ex-
change subunits and form heteromers [62–65]. The acidic β-crystallins
are generally unstable and prone to undergo the misfolding pathway,
while the basic β-crystallins can stabilize the acidic ones and assist
their folding [24,26,28,66]. If assuming the protection effect is one of
the functions of the basic β-crystallins, the behavior of the R233Hmuta-
tion suggested that Arg233 inβB1wasmore likely to be a functional res-
idue rather than a structural residue, or alternatively, a structural
residue for the heteromer but not for the homomer. In supporting this
inference, the heteromer stability was dramatically decreased during
both GdnHCl- and heat-induced denaturation under neutral pH condi-
tions (Figs. 10 and 11). The large dissociation constant of heteromers
at pH 5 suggested that electrostatic interactions might be the main
source of heteromer formation and stability. Thus Arg233 in βB1
might form inter-molecular ion-pair with the acidic residues in βA3,
probably the equivalent acidic residues in the ion-pairing network
shown in Fig. 8 due to the highly conserved domain structures of
β-crystallins. Therefore the protonation of His233 in the βB1 mutant
could partially rescue the defective functional role of binding
with βA3, unlike its deleterious effect on βB1 stability under acidic
conditions.
β-Crystallin heteromers have long been known to be energetically
favorable [62–65]. From the above proposal of the intrinsically dynamic
ion-pairing network in βB1, it could be deduced that the ion-pairing
network was tighter in the βA3/βB1 heteromer. However, the fact
that the mutation did not affect heteromer association suggested that
Arg233 contributed little to the recognition between βA3 and βB1 as
well as heteromer formation. Consistently, the R233H mutant was the
same effective as the WT βB1 in protecting βA3 aggregation during
kinetic refolding. The N-terminal extension of βB1 has been shown to
play a major role in βA3/βB1 heteromer formation as well as the self-
refolding of βB1 or the co-refolding of βA3/βB1 [25,28]. Thus it seems
that the N-terminal extension and C-terminal ion-pairing network of
βB1 played distinct roles in heteromer assembly and stabilization.
That is, the N-terminal extension was crucial to the recognition process
and thus failure in recognition would lead to protein misfolding and
aggregation. The C-terminal ion-pairing network might be important
to the stabilization of the heteromer and consequently, impairment of
the interactions would result in instability.4.3. The C-terminus regulates β-crystallin aggregation
Previously it has been shown that the most destabilizing mutations
in γS-crystallin are not always the most aggregation-enhancing ones
[67]. Herein we found that under neutral pH conditions, the R233H
mutant thermally aggregated much more rapidly and seriously al-
though the R233H mutation had no impact on βB1 thermal stability.
Meanwhile, the mutation destabilized βB1 at pH 5, but the mutant
had a lower aggregatory propensity than the WT protein. Thus the
aggregatory propensity was not directly linked to protein stability
although the destabilized mutations usually facilitated protein aggrega-
tion under a relative mild condition. Very recently it has been shown
that the thermal aggregation of γD-crystallin involved most of the na-
tive structures in the C-terminal domain but not the last β-strand [68].
The pH-dependent alternations of the aggregatory propensity of βB1
suggested that the charge state of His233 in the mutant modulated
the packing of the core β-sheet structures in the aggregates. Higher
hydrophobicity of the residue at position 233 resulted in larger
aggregatory propensity. Similarly, it has been proposed recently that
the protonation of His188 (equivalent to residue 230 in βB1) signiﬁ-
cantly accelerates both the amorphous aggregation and amyloid-like
ﬁbril formation of the R188H mutant of βB2 [40]. Thus it seems that
the residues involved in the ion-pairing network, particularly those
Fig. 11. pH-dependence ofβA3/βB1 thermal stability. (A) Equilibrium thermal denaturationmonitored by ParameterA of Trpﬂuorescence. The rawdatawereﬁtted by a two-state (N↔U)
model and the ﬁtted data are shown as lines. (B) Equilibrium thermal denaturation monitored by light scattering. (C) Equilibrium thermal aggregation monitored by turbidity. (D) The
midpoint of thermal transition (Tm) obtained by ﬁtting the data shown in panel A. (E) Thermal aggregation kinetics at 75 °C. (F) Aggregation rate constants (kagg) obtained by ﬁtting
the data shown in panel E by Eq. (1). The other kinetic parameters are shown in Supplemental Fig. S4.
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in β-crystallin aggregation.
4.4. Solution pH is an important factor triggering protein aggregation
during cataractogenesis
It has long been known that protein structure, function, folding and
aggregation are strongly inﬂuenced by solution pH (reviewed in [69]).
In addition to protein denaturation induced by extreme pH,mild chang-
es of solution pH around the physiological value also inﬂuence protein
function and stability. The intracellular pH (pHi) of lens is neutral in
the cortex and acidic in the nucleus, while pHi can drop down to ~6
when exposing to acidic solutions [70]. Lens has long been known to
be sensitive to intracellular acidiﬁcation [70], and many physiological
processes such as the action of gap junctions [71] are modulated by
pHi. The results herein further indicated that pHi might also be an im-
portant factor triggering lens protein aggregation, particularly for con-
genital cataract caused by missense mutations substituted by His. The
impact of pHi on crystallin aggregation might also play a role in muta-
tions of the non-crystallin proteins that contribute to pHi homeostasis.
In theory, solution pH determines the protonation status of His, which
further affects the surface charges, intramolecular and intermolecular
interactions. The change in surface charges alters protein solubility,
the perturbation of intramolecular interactions affects protein stability,
while the alternation in intermolecular interactions inﬂuences the be-
havior of protein aggregation. Thus solution pHmayaffect the behaviors
of various crystallins aswell as theirmutants differentially. For example,
the thermal aggregation rate constant of βB1 and βA3 exhibited an
opposing pH-dependence (Figs. 6 and 11). The R233H mutation did
not affect βB1 aggregation during acidiﬁcation at the physiologicaltemperature (Fig. 4), but the R188H mutation signiﬁcantly promotes
βB2 aggregation [40]. There are many cataract-linked mutations in-
volved the substitutions of conserved residues by His, such as R116H
mutation in αA [72], R188H mutation in βB2 [38], and R58H mutation
in γD [73]. We proposed that acidiﬁcation might also play a role in the
cataractogenesis caused by these mutations.
4.5. Conclusion
The molecular mechanism underlying cataract caused by inherited
mutationsmay be very complicated although cataract is directly associ-
ated with protein aggregation. Although the present study was per-
formed by in vitro protein assays using extreme pH and temperature
conditions, our results clearly indicated that the R233H mutation al-
tered the biophysical properties. It is worth noting that the human
lens is one of the tissues with the highest protein concentration [15].
The behavior of the R233H mutation might be more serious in such a
crowded microenvironment since molecular crowding generally accel-
erates protein association [74]. Moreover, although extreme pH values
had been tested in this research, a signiﬁcant alteration in the behaviors
of theWT andmutated βB1 and βA3/βB1was found to occur at around
pH 6, which is a physiological/pathological-relevant pH in the lens nu-
cleus [70]. Thus the strong pH dependence of the R233H mutants
might be associatedwith the nuclear phenotype of ADCC in the patients.
Missense mutations can be stabilizing or destabilizing. The mecha-
nisms of mutations at the structural residues are, to some extent, easily
elucidated since these mutations are generally destabilizing. As for the
stabilizing or neutral mutations, there is a high probability that these
corresponding residues are functional. The results in this research sug-
gested that Arg233 in βB1 was a functional residue contributing to the
2228 Y.-B. Xi et al. / Biochimica et Biophysica Acta 1842 (2014) 2216–2229stabilization of the βA3/βB1 heteromer but not the βB1 homomer.
Based on the results herein we proposed that the ion-pairing network
around Arg233 was intrinsically highly dynamic, which might be im-
portant to the understanding of the tradeoff among solubility, stability
and aggregatory propensity under themild acidic conditions in the lens.
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